University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln
Historical Research Bulletins of the Nebraska
Agricultural Experiment Station (1913-1993)

Agricultural Research Division of IANR

1-1951

The Effects of Thermal-Neutron Irradiation of
Maize and Barley Kernels
John W. Schmidt
USDA-ARS

E. F. Frolik

Follow this and additional works at: https://digitalcommons.unl.edu/ardhistrb
Part of the Agriculture Commons, Agronomy and Crop Sciences Commons, and the Plant
Biology Commons
Schmidt, John W. and Frolik, E. F., "The Effects of Thermal-Neutron Irradiation of Maize and Barley Kernels" (1951). Historical
Research Bulletins of the Nebraska Agricultural Experiment Station (1913-1993). 140.
https://digitalcommons.unl.edu/ardhistrb/140

This Article is brought to you for free and open access by the Agricultural Research Division of IANR at DigitalCommons@University of Nebraska Lincoln. It has been accepted for inclusion in Historical Research Bulletins of the Nebraska Agricultural Experiment Station (1913-1993) by an
authorized administrator of DigitalCommons@University of Nebraska - Lincoln.

UNIVERSITY OF NEBRASKA COLLEGE OF AGRICULTURE
AGRICULTURAL EXPERIMENT STATION

Research Bulletin 167

The Effects of Thermal-Neutron Irradiation
of Maize and Barley Kernels
JOHN W. SCHMIDT AND E. F. FROLIK
DEPARTMENT OF AGRONOMY

LINCOLN, NEBRASKA
JANUARY, 1951

• · .. .; .•

J ;'

UN IVERSITY OF NEBRASKA COLLEGE OF AGRICULTURE
AGRICULTURAL EXPERIMENT STATION

R esearch B u lletin 167

The Effects of Thermal-Neutron Irradiation
of Maize and Barlev Kernels
I

JOHN

W.

ScHMmT ANn

E.

F. FROLIK

DEPARTMENT OF AGRONOMY

LIN COLN, N EBRASKA
JANUARY, 1951

CONTENTS

INT ROD UCTION

3

MATERIALS AND METHODS .

4

EXPERIMENTAL RESULTS

5

1949 Field Plantings

5

1950 Greenhouse Plantings .

7

Barley seedling observations .

7

Maize seedling observations .

............ 11

Barley and Maize Plants Grown to Maturity .

17

DISCUSSION

.18

SUMMARY

... 26

LITERATURE CITED

Research Bulletin 167
Agricultural Experiment Station
University of Nebraska College of Agriculture
W. V. Lambert, Director
M. L. Baker, Associate Director
January, 1951 (2500)

29

The Effects of Thermal-Neutron Irradiation
of Maize and Barley Kernels
JOHN

IT

w. SCHMIDT AND E. F. FROLIK

1

INTRODUCTION

IS THE purpose of this paper to report the effects of thermaln eutron irradiation of maize and barley kernels on subsequent
germination, plant establishment, and early plant d evelopm ent. Comparisons are made with equivalent n eutron treatments of m aize
pollen, r esults of which have been reported in p art in previous publications (Frolik a nd Morris, 1950a a nd b).
Neutrons are electrostati cally neutral a nd have the characteristic
of b eing nonionizing, per se. Indirectly, however, they produce ionizations in one or both of the following ways: ( 1) through the indirect
process of capture by nuclei of various elem ents, with the direct release of other particles and/ or high en ergy photons, which in turn
produce ionizations and/ or excitations, and (2) through nuclear reactions which r esult in the production of unstable isotopes, which in
turn give off photon or particulate r adiations in the d ecay process.
The immedia te, manifest effect of all known high en ergy radiations in biologic tissue consists of ioniza tion and excitation. T h e
biological effects which follow consist b asically of mutations, including chromosomal aberrations, a nd chemical changes in other parts
of the cell. These fundamental effects may result in impairment of
normal function s in or d eath of cells, of groups of cells, or of the
organism as a whole. However, the fundam ental biological processes
involved ar e not well understood.
A large amount of r esearch is under way among numerous workers
to gain further information on the fundamental aspects of radiation
effects on living tissues. The problem is receiving the joint attention
of biologists, chemists, a nd biophysici sts . Although much has b een
done, there is still need for a great deal of additional information
on the effects of various radiations on biologic b ehavior. There is,
for example, relatively little information available on the effect of
thermal n eutrons, particularly with r esp ect to their effect on seeds. Although their effect is complicated b y the various possible interactions,
thermal n eutrons offer a valuable m eans of adding to the reservoir of
informa tion n eed ed to unders tand and to utilize to a greater extent
radiations in biological work.
1 The work reported h erein was done while the senior author was a P redoctora te
Fellow in the Biological Sciences, the fellowship being provided by the A tomic
Energy Commission and administered by the Na tional R esearch Council.
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MATERIALS AND METHODS
Materials irradiated in the present experiments were barley seed,
maize seed, and maize pollen. The barley seed was of a two-row spring
variety, Spartan. This seed had been increased from a single plant.
The maize seed consisted of F 1 single cross, yellow dent hybrids
L289 x 1205, N6 x Ml 4, and MI4 x N6. Pollen irradiated was that of
inbred 1205. This was placed on untreated plants of inbred L289
to make seed of the single cross. The pollen irradiations had been
made for use in another experiment, and the seed was included in
these experiments chiefly as a basis of comparison with pile irradiation of seed.
All of the seed was grown in 1948. The maize and barley crops
from which the seed was to be irradiated were grown at Lincoln, Nebraska. The maize crop involving the pollen irradiations was grown
at Naperville, Illinois.
The irradiations were made at the Argonne National Laboratory,
Chicago, Illinois, as follows: maize pollen, August 16, 1948; barley
seed, April 26, 1949; maize seed and a second series of barley seed,
May 17, 1949.
The irradiations consisted of exposures for various periods of
time in the thermal-neutron column of a h eavy water pile. Untreated
material and one dosage of X-ray each for seed and pollen were included in the comparisons.
The technique of irradiating the pollen in the nuclear reactor
was the same as that employed in other studies made in 1947 and
modified in 1948, as previously described by Frolik and Morris (1950a
and b).
Air-dry, dormant seed was used for the seed irradiations. The
paper-packe ted seed samples were also irradiated in the thermal-neutron column of the h eavy water pil e. The pile was operated at a
power of approximately 250 kw. for the seed irradiations as compared
with 300 kw. for the tassel samples. However, because it was possible
to place the seed samples closer than the tassel samples to the pile
proper, the n eutron flux of 7 x 10 1 0 neutrons/square centimeter/second was a pproximately the same in the two series of irradiations.
The m e thod of getting the one X-ray pollen exposure of 1200
roentgens was also the same as previously described by Frolik and
Morris (1950b). The seed was X-rayed a t various dosages ranging
from 5,000 to 25,000 roentgens. The equipment and method of Xraying the seed were the same as for the pollen irradiation, except
for the differences in dosage noted above and the fact that the tube
was operated at a p eak voltage of 250 kv. for the former and 200 kv.
for the latter.
The barley seed which had been irradiated on April 26, 1949,
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was planted in the field at Lincoln on April 28, 1949. Part of the
barley seed irradiated on May 17, 1949, was also planted in 1949.
That portion of the seed was in turn subdivided into two additional
portions, h alf of it being planted in the fi eld at Lincoln on May 25,
and the other half in the field at Ft. Collins, Colorado, within a few
days of the Lincoln planting. The remainder of the barley seed irradiated on May 17, 1949, was planted in the greenhouse at Lincoln on
April 23, 1950. The irradia ted m aize seed and the maize seed from
the irradiated pollen were also planted in the greenhouse on April
21 , 1950. In the latter tests, the barley seed was planted in soil flats,
whereas the maize seed was planted in sand in b enches. The maize
seedlings were fertilized with nitrogen 24 days after planting.
Observations were made on the fi eld plantings to check establishm ent and subsequent d evelopment of all plants that emerged. D etailed studies were m ade of the greenhouse plantings for a p eriod of
28 days following planting. D a ta were taken on germination, stand
at various dates, growth rate, exposed lea f number , and other morphological cha racters.
·
Chemical a nd spectrographi cal analyses of maize pollen and of
excised maize and barl ey embryos were made b y the Chemistry Division of the Argonne National Laboratory.
EXPERIMENT AL RESULTS
1949 Field Plantings
The original estimates for len gth of time to irradiate the barley
seed in the nuclear reactor were made on the basis of the following
inform a tion: roughly, one minute of pile exposure had b een found
to b e equivalent to 550 roentgens of X radiation on the basis of a
combined average of two dates a nd several characters in maize pollen
irradi a tions, as reported by Frolik and Morris ( 1950b ). Barley seed
is considerably more tolerant tha n maize pollen to X r adiation. Gustafsson and Mac Key ( 1948) reported that a 10 p er cent mature
pl a nt stand could b e expected from barley seed X-rayed with a dosage
of 25,000 roentgens. In contrast with this, Tascher (1945) found that
6,000 r units of X-ray applied to maize pollen constituted a le thal
dosage. Maize seed has bee n found to b e even more tolerant than barley seed to X radi a tion. For example, Collins a nd Maxwell (1936)
found that some m a ture plants were produced following exposure of
maize seed to as much as 40,000 r units of X-ray. Although not entirely
applicable, some informa tion was also ava ilable· on tolerance of barley
seed to n e utrons of higher en ergies than those used in the present
experiments. A 30 per cent mature plant stand was obtained following
a 75-minute exposure of barle y seed to fast neutrons (Gustafsson and
Mac Key, 1948). The neutrons were obtained from a sma ll cyclotron
and had an e nergy of 6.7 to 7 Mev.
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On the basis of the above information, it was estimated that plant
establishment should be obtained on at least part of the barley seed
exposed for 50 minutes in the nuclear reactor, and that maize seed
could withstand an even longer exposure. Subsequent tests, however,
showed these calculations were incorrect. No emergence occurred
following plantings on April 28, 1949, of barley samples (of 300 kernels each) irradiated for 10, 20, 30, 40, and 50 minutes, respectively,
in the nuclear reactor. In contrast with this, plantings made on the
same date resulted in normal emergence from control samples and
partial emergence from samples X-rayed with dosages up to 25,000
r units.
A further check was m ade on May 17 by examining the n eutrontreated kernels which h ad been planted on April 28. It was found
tha t most of the kernels had partially germinated. This was true
even following the 50-minute exposure. However, the injury accompanying the 50-minute exposure was so severe that only feeble
growth occurred. Photographs of representative plants of the control and of the partially germinated kernels of the 10-, 20-, and 30minute exposures, taken on May 17, i.e., 19 d ays after planting, are
shown in Figure 1.
In the light of exp erience gained from the irradiations made on
April 26, a series of samples of barley and maize seed was irradiated on May 17, 1949. The exposures in the nuclear reactor for
this second series were made for periods of 2, 4, and 8 minutes, respectively. An untreated check a nd irradiation with 7500 r units of
X-ray were also included in this series.
The plantings from the second series of irradiations were made
in part at Lincoln on May 25, 1949. Although this date is considerably later than the normal planting time for barley at this location,
subsequent p erformance was reasonably indicative of the severity of
the various treatments. There was no emergence following 8 minutes
of seed exposure in the nuclear reactor, and a high p ercentage of
emergence following 4 minutes and 2 minutes of neutron treatment,
the X radiation, and no irradiation. However, the seedlings from
the seed exposed to 4 minutes of neutron treatment died shortly after
reaching the one- or two-leaf stage. Plantings from the other treatments continued to grow in what appeared to be a normal manner.
Owing apparently to the late date of planting, none of the plants
produced heads.
The duplicate planting made at Ft. Collins, Colorado, in 1949,
where conditions are more favorable than a t Lincoln for planting
at these late dates, gave r esults which in general were similar to those
observed at Lincoln. Here, as at Lincoln, no emergence occurred
following 8 minutes of neutron exposure. A few plants of the 4-minute
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I .-The effect of extended thermal-neutron irradiation of barley kernels
on subseq u ent development. Photographed 19 clays after planting. Treatme nts,
top to bottom: 0-, 10-, 20-, and 30-minute exposures in the nucl ea r reactor.

FIGURE

n eutron-irradiated seed survived the seedling stage but were extremely
stunted. Plants from seed which had been exposed for 2 minutes in
the nuclear reactor were also extremely stunted and failed to head.
In contrast with this, p lants from untreated seed and from the 7500
r unit X-rayed seed produced heads.
·
1950 Greenhouse Plantings

The following data relate entirel y to the plantings made of the
maize and barley seed irradiated on May 17, 1949, and the seed obtained follo-w ing pollination with maize pollen irradiated on August
16, 1948. The plantings were made in the greenhouse at Lincoln on
April 21 and 23, 1950.
Barley seedling observations
Data on the mean height of plants and m ean number of exposed
leaves per plant 7, 14, 21 , and 28 days following planting of the bar·
ley seed are given in Table 1 and presented graphically in Figure 2.
Seedling plants from all irradiated lots of seed, including X-rayed
seed, were significantly shorter in height (leaves h eld erect for meas-
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1.-Mean heigh t of pl ants and mean number of exposed leaves per pla nt of
barley 7, 14, 21, and 28 days following p la nting of seed exposed for 0, 2, 4, a nd 8
minutes to therm al n eutrons and to 7500 roentgens of X -r ay, respecti vely.

T ABLE

N o. o f

I Mean height of I Mean no. exposed

_ _ _ _ _ _T_r_ea_ t_m_e_n_t _o_f_ se_ed_ _ _ _ __,_~P
,._l_a_nt-'-s_• _,___,_
Pl_a_n-'ts'--'
, cm.,,,.'*

leaves per plan t

7 d ays a fter plan ting
None
X -ray, 7500 r units
N uclear reactor, 2-min. exposu re
N uclear reactor, 4-m in. exposure
N uclea r reactor, 8-min . exposure

37
39
36
33
I

Non e
X -ray, 7500 r units
N uclea r reactor, 2- mi n . ex posure
N uclear reactor , 4-m in . exposure
N uclear reactor, 8- min . exposure

37
39
36
29

None
X -ray, 7500 r units
N uclear reactor, 2- m in. exposu re
N uclear reactor , 4- m in. ex posure
N uclear reactor, 8-min . ex posure

37
39
36
25
0

Non e
X-ray, 7500 r un its
N uclear reactor, 2-min. exposure
N uclea r reactor, 4-min. exposure
N uclear reactor, 8-min. exposure

37
39
34
21

2

±
±
±

11 .3
9.5
5.0

0 .41
0.38
0.30

- - - - -- - - - -- - - - -- - --

2.6 ± 0.24

-------

OA

-------

14 d ays after p lanti ng
20.3 ± 0.76
2.8 ± 0.07
16.3 ± 0.53
3.0 ± 0.03
7.6 ± 0.44
3.6 ± 0. 13
3.3 ± 0.24
2.5 ± 0. 16
0.8
(coleoptile onl y)
21 d ays after planting
4.4 ± 0.12
21.7 ± 0.64
19.6 ± 0.48
4.6 ± 0.08
13.6 ± 0.71
5.3 ± 0.20
4.7 ± 0.35
4.6 ± 0.41
23.3
21.2
17.l
7.4

28
±
±
±
±

d ays after pl an ting
0.70
6.3 ± 0. 12
0.49
6.4 ± 0.08
0.53
7.5 ± 0.38
0.95
6.4 ± 1.73

0

• 50 seeds planted for each trea tment.
,,,.,,,. Lea ves held erect for measurement.

urem ent) o n each of the four da tes o f m easureme n t than the con trol
pla nts. A t 7 d ays a nd 14 d ays after p la nting, m ean h eigh t o f p la n ts
following the X radia tio n was approxim a tely two times that follo wing 2 minutes of pile irradia tio n , a nd approxim ately fo ur tim es
tha t followi ng 4 minutes of p ile irrad ia tio n . D ifferences in h eigh t
for the vario us treatments six d ays after pla nting are shown in Figure
3.
T h e pla nts from seed which h ad been irradiated in the p ile fo r
2 minu tes h ad a h igh er m ean number of exp osed leaves th a n plants
fro m control seed a t 14, 2 1, a nd 28 d ays after plan ting, resp ectively.
Similar di ffe rences were n o ted for many individual pla nts fro m th e
4-minute p ile-irradiated seed. T his high er number was offset, however , by other seed lings which were so stunted tha t they d id not
ad vance b eyond the one- o r two-leaf stage. The result was tha t the
m ean number o f exposed leaves p er pla nt followin g 4 minutes of
pi le irradia tio n did not differ signif icantly fro m the control.
T h e effects of the var iou s treatm ents o n m aximu m sta nds a nd on
sta nds 28 d ays . after p la nting are summarized in Table 2. Maximum
sta nd or emer gen ce was 4 p er cent for the 8-minu te n eu tron treatm ent compared with 74 p er cent for control. On the oth er h a nd, p er-
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F IGURE 2.- The effect of ex posing barley seed to 0, 2, 4, and 8 minutes of thermalneutron irradiation on subsequent seedling height at successive seven-day inter vals following p lanting compared with no treatment and a 7500 r X radiation
effect. (Based on Table I.)

FIGURE 3.-Thermal-neu tron tolerance of barley kernels as indicated by seedling
growth six days after planting. I , No treatment ; II, 7500 r X rad iation; III, 2minute exposure to thermal neu trons; and IV , 4-minute exposure to thermal
neutrons.
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TABLE 2.-i\faximum stand and number of plants on the 28th day after planting
barley seed exposed to 0, 2, 4, and 8 minutes of thermal neutron s and to 7500
roentgens of X-ray , respectively.
Sta nd
Treatment

None
X-ray, 7500 r units
N uclear reactor , 2-min. expos ure
N uclear reactor, 4-min. exposure
Nuclear reactor, 8-min. exposure

No. kernels
planted

50
50
50
50
50

:M aximum

28 days after
planti ng

No.

%

No.

37
39
36
34
2

74
78
72
68
4

37
39
34
21
0

I

%

74
78
68
42
0

centage emerge nce for none of the other treatments differed significantly from control.
All seeds that failed to produce plants were dug to determine the
nature and exte nt of possible growth. Of the 50 kernels planted for
each treatment, the following number in each series showed no
growth: untrea ted lot, 5; X-ray, 4; 2-minute n eutron exposure, 4; 4minute neutron exposure, 9; a nd 8-minute n eutron exposure, 12.
Some of these differences approached significance. For the kernels
which had made limited growth, some root development with no visible shoot development was more common than the reverse situation.
The fact that roots had developed to a greater ex tent than shoots suggests the possibility that root primordia are more tolerant to irradiations than the shoot primordia. D e termin ation of the relative extent of
injury in the two primordial regions will require cytological analysis.
Stands r emain ed at the maximum (28 d ays following planting) for
control and X-rayed seed. However, delayed d eath resulted in a
small reduction in stand for the 2-minute n eutron treatment and in
a much larger reduction for the 4-minute n eutron treatment. D elayed
dea th accounted for a loss of 13 of the 34 plants which h ad emerged
following the 4-minute pile irradiation, and a few additio nal plants
probably would not have matured.
The morphological effects observed on barley seedlings grown
from seed exposed in the nuclear reactor ar e summarized as follows:
( 1) The first two leaves were very much mottled. (2) The n ext few
leaves were narrower than those of the control plants, but they
showed no chimeras of any kind up to 28 days following planting
(later one plant had white-striped tillers) . (3) Plant h e ight was significantly b elow that of control plants. (4) L eaf number was increased
significantly. (5) Delayed death occurred to some extent following
2 minutes of exposure and occurred ex tensivel y following 4 minutes
of exposure. (6) Virtuall y no em ergence occurred following 8 minutes
of exposure.
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The only observable effects of the 7500 r units of X radiation
were a slight mottling of the first two leaves and a slightly shorter
plant h eight than in the control.
Maize seedling observations

M ean seedling heights and m ean numbers of exposed leaves per
seedling for the maize plantings are presented in Table 3.
The m ean h eight of plants on each of the four dates of m easurem ent for each seed treatment was lower than for the control. This
was likewise true for seed with the irradiated-pollen parent, except
that little effect on growth was noted for the I-minute pile-irradiated
lot. In the L289 x 1205 series, which included both seed and pollen
irradiations, mean seedling h eight on each of the four dates of m easurem ent was slightly lower for the 1200 roentgen pollen-irradiated
series than for the 7500 roentgen seed-irradiated series.
Although a I-minute n eutron treatment of seed was not included
in these tests, it appears b y interpolation tha t such a treatment
would have b een approximately equal in effect on seedling h eight
to 7 500 roentgens of X radiation of seed. This is true for all three
h ybrids a nd for all dates of m easurem ent. From the seedling h eight
d a ta of the L289 x 1205 h ybrid, it appears that the effect of 1200
roentgens of X radia tion of pollen was equal to somewhere b e tween
1 and 2 minutes of n eutron exposure of pollen, as shown in Figure 4.
The similarities in height between progen y of the seed-irradiated ·
series and of the pollen-irradiated series with the same neutron exposure are striking. However, the low standard errors for the former
are indicative of the uniform effect of seed irradia tion in contrast
with the wide variation of effects observed with pollen irradiation.
An increase in exposed leaf number was associated with the longer
nuclear reactor exposures of the maize seed. No significant difference was observed between plants of the 2-minute exposure and the
control. However, a marked increase was noted for the 4-minute
exposures over control, and for the 8-minute over the 4-minute exposures. On the other hand, the exposed leaf number p er plant for
the nuclear-reactor-exposed pollen series was slightly lower than
that for the control.
The effects of the various treatments on maximum stands and
stands 28 d ays after pla nting are r eported in Table 4. It will be noted
that maximum stands were unaffected by the various pile irradia tions
or X radiation of the seed. In contrast with this, an increase in length
of time of pollen irradiation in the nuclear reactor was associated
with a d ecrease in p ercentage maximum stand, b eginning with the
2-minute treatment. A stand .of only 16.7 p er cent was obtained for
the 8-minute irradiation of the pollen.

3.--Mean height of maize plants at 7, 14, 21, and 28 days and mean number of exposed leaves per p lant at 28 da ys fo llow;
m g planting of irradiated seed and seed obtained from irradia ted pollen.

TABLE

--Plant

Trealmcnt

I

7 days

No.
plants'*

None
X-ray,
X-ray,
I -min.
2-min.
2-min.
4-min.
4- min.
8- min.
8-min.

I Meancm.••
height,

I

14 days
No.
plants

7500 r, seed
1200 r, pol len
exposure, pollen
exposure, seed
exposure, pollen
exposure, seed
exposure, pollen
exposure, seed
exposure, pollen

60
60
53
60
60
51
59
34
59
8

5.3
5.1
4.8
5.3
4.2
4.8
3.8
5.0
2.8
2.6

±
±
±
±
±
±
±
±
±
±

0.16
0.10
0.22
0.13
0.09
0.23
0.08
0.34
0.08
0.57

60
60
54
60
60
51
60
35
59
10

None
X -ray,
2-min.
4- min.
8 ·min .

7500 r, seed
exposure, seed
exposure, seed
exposure, seed

20
20
19
20
18

5.2 ±
4.2 ±
3.5 ±
3. 1 ±
2.6 ±

0.15
0.12
0.26
0.13
0.14

20
20
19
20
18

None
X-ray,
2-min.
4-min.
8-m in.

(N 6 x Ml4)
7500 r , seed
exposure, seed
exposure, seed
exposure, seed

20
20
19
20
19

5.4 ±
4. 1 ±
3.1 ±
2.9 ±
J.7 ±

0.16
0.16
0.13
0.13
0.09

20
20
19
20
19

• 60 seeds planted for each treatment.
•• Leaves held erect for measureme nt.
• •• Indudcs some plants partly green.

I Mea ncm.height,

I

L289 x I205
19.7 ± 0.23
18.8 ± 0.18
17.5 ± 0.58
20.6 ± 0.21
15.5 ± 0.19
17.2 ± 0.52
12.9 ± 0.17
16.0 ± 0.84
5,6±0,17
10.3 ± 1.65
N6xM14
17.9±0,36
16.3 ± 0.21
13.9 ± 0.33
12.2 ± 0.26
7.3 ± 0.28
i\114 x N6
18.0 ± 0.40
15.5 ± 0.3 1
13.3 ± 0.22
11.0 ± 0.34
5.3 ± 0.37

age
28 days

2 1 days
No.
plants

-

"°

Mean height,
cm .

I

No .

plants

I

.
Mean 1ieight,
cm .

Iexposed
Mean no.
lea ves
per plant

60
60
54
60
59
51
60
35
58
10

28.4
25.6
24.8
26.8
22.9
23.8
20.7
21.5
9.7
14.5

±
±
±
±
±
±
±
±
±
±

0.44
0.31
0.68
0.28
0.25
0.66
0.27
1.02
0.36
2.32

60
60
54
60
59
51
60
35
42***
10

37.1 ±
34.7 ±
32.2 ±
37.4 ±
30. l ±
30.3 ±
27.3 ±
27.6 ±
14.3 ±
20.3 ±

0.45
0.27
0.89
0.36
0.29
0.88
0.39
1.33
0.71
3.26

4.9 ±
4.6 ±
4,4 ±
4.0 ±
5.0 ±
4.5 ±
5.4 ±
4.5 ±
6.3 ±
4.0 ±

0.04
0.06
0, 11
0.02
0.04
0.09
0.07
0.13
0.13
0.56

20
20
19
20
18

27.5
26.4
22.7
18.0
11.8

± 0.45
± 0.38
± 0.34
± 0.25
± 0.49

20
20
19
20
18***

37.2 ±
36.5 ±
32.6 ±
25.7 ±
18.8 ±

0.58
0.48
0.57
0.54
0.98

5.0 ±
5.0 ±
4.8 ±
6.0 ±
7.2 ±

0.00
0.05
0.11
0.00
0.18

20
20
19
20
19

27.3
22.9
20.4
16.l
8.5

± 0.43
± 0.50
± 0.44
± 0.29
± 0.76

20
20
19
20
17***

37.3 ±
32.l ±
30.3 ±
23.0 ±
15.5 ±

0.66
0.65
0.72
0.48
1.29

5.0 ±
4.8 ±
4.9 ±
5.6 ±
7.5 ±

0.00
0.10
0,07
0.11
0. 34
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CHECKS

EXPOSURE IN NUCLEAR REACTOR,MINUTES
4.-Effects of exposing single-cross hybrid maize seed or inbred maize pollen
to thermal-neutron irradiation and to X radiation on subsequ ent h eight of
seedlings grown from the irradiated L289 X 1205 seed and seed obtained from
the pollination of untreated L289 plants with irradiated 1205 pollen. (Based
on Table 3.)

F IGURE

D elayed death occurred in the L289 x 1205 lot following 8 minutes
of seed treatment in the nucle,a r reactor. The stand dropped from
a maximum of 98.3 p er cent to 63.3 p er cent on the 28th day. There
was no evidence of delayed death in the pollen treated series.
One of the most str iking effects following seed exposure in the
nuclear reactor was the n arrown ess and upright position of th e leaves.
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4.-Maxim um stand and number of plants on the 28th day after planting
h ybrid maize seed irradiated or seed obtained from pollen irradi a ted for various
periods with thermal neutrons or with X rad iation.

TABLE

Stand

No. kernels

Treatment

pla nted

28 days after

Maximum

N6xM 14 (Seed)
None
20
20
X-ray, 7500 r units
20
20
Nuclear reac tor, 2-m in . exposu re
20
19
Nuclear reactor, 4-m in. exposure
20
20
Nuclear reactor, 8-min . expos ure
18
20
Ml4xN6 (Seed)
None (N6 x i\1 14)
20
20
X-ray, 7500 r units
20
20
N uclear reactor, 2-min . exposure
20
19
N uclear reactor, 4-m in . exposure
20
20
Nuclear reactor, 8-m in . exposure
20
19
L289 x 1205 (Seed)
None
60
60
X-ray, 7500 r units
60
60
Nuclear reactor, 2-min. expos u re
60
60
Nuclear reactor, 4- min . exposure
60
60
N uclear reac tor, 8-min. expos ure
60
59
L289 x 1205 (Pollen)
60
54
X-ray, 1200 r units
N uclear reactor, 1-min. exposure
60
60
Nuclear reactor , 2-m in . exposure
60
-~ l
Nuclear reactor, 4-rnin. exposure
60
35
Nuclear reactor, 8-m in. exposure
60
10

planting"'

%

No.

No.

I

%

100.0
100.0
95.0
100.0
90.0

20
20
19
20
17

100.0
100.0
95.0
100.0
85.0

100.0
100.0
95.0
100.0
95.0

20
20
19
20
16

100.0
100.0
95 .0
100.0
80.0

100.0
100.0
100.0
100.0
98.3

60
60
59
60
38

100.0
100.0
98.3
100.0
63.3

90.0
100.0
85.0
58.3
16.7

54
60
51
35
10

90.0
100.0
85.0
58.3
16 .7

• Pl ants definitely dying not included .

As show n in Table 5, there was a significant decrease in leaf width
(at the 2 per cent level of probability) with each increase of pile exposure. Plants from X-rayed seed likewise had leaves significantly
n arrower than plants from untreated seed, but they were significantly
wider than those from seed exposed for 2 minutes in the nuclear reactor. These differences were clearl y visible at the conclusion of the
exp eriment (Figures 5 and 6).
5.-Mean width of the second leaf of 21-dav-old plants of a maize hybrid,
L289 x 1205, grown from seed irrad ia ted with 0, 2, 4, and 8 minutes of thermal
n eutrons and with 7500 roentgens of X-ray, respectively.

TABLE

Treatment

None
X-rav, 7500 r units, seed
N ucl~ar reactor, 2-min. expos ure, seed
N uclear reac tor, 4-min. ex posure, seed
Nuclear 1·eactor , 8-min. exposure, seed
• Al\ differ at 2% \eve\.

No.
plants

20
20
19
20
17

Mean width of
second leaf, cm.•

1.4 ± 0.02
1.3 ± O.Ql
1.1 ± 0.03
1.0 ± 0.02
0.8 ± 0.02
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5.-Thermal-neutron tolerance of maize kernels as indicated by plant height
and leaf wid th of 34-day-old seedlings. I , No treatment; II, 2-minute; III, 4minute; and IV, 8-m inute exposu res of seed to thermal neutrons.

FIGURE
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FIGURE 6.-R epresentative 34-d ay-old m aize seedlings selected from p la ts sh own in
F igure 5, reflecting the effect of irrad iating mai ze kernels w ith t herm a l n e utrons.
I , No treatment; II, 2-minme; Ill, 4-minute; and IV, 8-minute exp osures to
thermal-ne utron irradiation .

In a dditio n to the effects on leaves for p ile-irradiated seed noted
above, oth er effects included mottling, formation of chimeras, slash ed
leaves, a nd o ne-sided developm ent. The chimeras in cr eased in size
and frequency with in crease in the len gth of exposure. T h e slash ed
effect was probabl y due to killed areas. Sing ularl y, pl a nts from treated
seed were also d a rker bluish-green in color, desp ite mottling, than
p la nts from untreated seed.
For the 2-minute pi le- irradiated seed , approx imately 15 p er
cent of the p la nts had one or more leaves showing li ght green striping. Eight p er cent of the p lants had slashed leaves.
The p ercentage of p la nts with light green striping on th e leaves
increased to approximately 40 per cent for the 4-m inu te pile exposure.
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In addition, one plant had a cream-colored stripe and another had a
red stripe. In this lot, n early 22 p er cent of the plants had one or
more slashed leaves.
In the 8-minute exposure lot, approximately 42 per cent of the
surviving plants had the light green striping on leaves. Also, 10 per
cent of the plants had white stripes, 16 per cent had wrinkled leaves,
and approximately 31 p er cent had p eculiarly slashed leaves. The
most common effect in this series, however, was the one-sided leaf
development, resulting in much twisting and curling of the leaves.
The only apparent effects resulting from the 7500 r unit dosage
of X radiation were very slight mottling and depression in growth.
There were no leaf anomalies or sectors evident in this series.
The effects of expos ing maize seed for 2, 4, and 8 minutes, respectively, in the nuclear r eactor on subsequent development of
seedling plants may be summarized as follows: (I) The first two
leaves were h eavily mottled and somewhat shorter and narrower
than the corresponding leaves in the control. (2) The third, fourth,
and fifth leaves were much n arrower than corresponding leaves in
the control. In going from the third to the fifth leaf, the mottling
• became increasingl y confined to a pattern of streaks a nd a correspondingly smaller area in the upper portion of the leaf. In the 8-minute
treatment these leaves were mostly one-sided, i.e., only the midrib and
one side of the leaf had developed. (3) Striping occurred on some
of the plants, beginning with the fifth leaf and continuing in the
leaves above. (4) In plants where a narrowing of the lower leaves
occurred, the leaves beginning with the sixth one and continuing
above were usually normal in this r espect. However, in some cases
the anomaly p ersisted in leaves above the fifth one. (5) Many of the
abnormalities occurred as mirror images of each other in adjacent
leaves.

Barley and Maize Plants Grown to Maturity

All of the surviving barley seedlings and representative lots of
the surviving maize seedlings were transplanted to the field shortly
after the final seedling data had been recorded. Transplanting at the
relatively advanced stage of development precluded full y normal
field development. Nevertheless, certain general observations on
growth to maturity are of interest.
Up to the time of flowering, only two of the barley plants in the
field showed any visible effects of irradiation. One of these plants,
which had appeared to be normal in the seedling stage, failed to h ead.
It was still green at the time the remaining plants were harvested.
The other plant produced chlorophyll-deficient tillers which failed
to head.
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Main spikes of all barley plants from the 2- and 4-minute thermalneutron-exposed seed produced ver y few kernels. Percentage kernel
production was somewha t higher but still far below normal in the
tiller heads of these same plants. Seed set in both the main and tiller
spikes of the untreated checks was close to normal.
The striping noted in the maize seedlings in the greenhouse p ersisted until maturity in a few plants. The tillers on one maize plant
were entirely d evoid of chlorophyll.
A random examination was made of tassels on the maize plants
grown from the 2- and 4-minute thermal-neutron-exposed seed to d etermine degree of pollen abortion . The tassels h ad normal pollen
throughout, partial pollen abortion throughout, or they were normal
except for sectors with partial pollen abortion. Ears from the m ain
stalks were also examined for sterility. The p ercentage of ears showing sterility and the p ercentage of sterility for affected ears increased
with increase in length of time of exposure of the p arent seed to
neutrons. In spite of this general relationship, two apparently normal
ears were produced on plants from seed exposed for 8 minutes to
thermal neutrons. No sectors were app arent in the ears.

DISCUSSION
A comparison of the d a ta r elating to the simultaneously irradiated
ma ize and barley seed indicates that the thermal-neutron tolerance of
dormant barley seed is less than 50 p er cent of tha t of dormant singlecross h ybrid m aize seed when comp ared on the basis of subsequ ent
seedling h eight, increase in average leaf number p er plant, and d elayed dea th. In the production of morphological anomalies and chimeras, the two crops reacted differently- the barley plants showed very
little effect while virtually every ma ize plant of the 8-minute n eutron
treatment exhibited one or more defects.
The difference in susceptibility between maize and barley seed is
not entirely unexpected. Smith ( 1946) reported that X radiation of
mai ze seed w ith 30,000 r units resulted in a germination of 70 per
cent of the control and a seedling h eight, after 19 days, of 42 p er cent
of the control, wh ereas the somewhat smaller dose of 27,000 r units,
when applied to barley seed, resulted in a germination of 31 per cent
of the control a nd a seedling height of 8 per cent of the control. A t
exposures of 38,000 r units and 40,000 r units for barley and maize
seed , resp ectively, germination for the barley dropped to 3 per cent
of the con trol, while the germina tion percentage of the m aize seed
had not changed. Gustafsson and Mac Key (1948) also reported tha t
for barley seed 30,000 r units is probably the upper limit of X-ray
tolerance, since with 25,000 r units they obtained a mature plant
stand of only IO per cent of the control. With maize, Collins and
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Maxwell (1936) found that delayed death occurred following X radiation of maize seed with 40,000 r units. G ermination was unimpaired
following irradiation with 100,000 r units, but all plants from this seed
died in the seedling stage. R esults obtained in the present studies are
in agreement with these earlier reports in that an X radiation of 7500
r units was more severe on b arley seed than on maize seed.
The r ela tive tolerance of barley and maize seed to therm al-neutron
irradia tion is, therefore, comparable to the r ela tive tolerance of these
crop seeds to X radiation . The failure of the b arley seedlings grown
from therma l-ne utron-irradia ted seed to show m a n y morphological
irradia tion effects h as also b ee n generally r eported for barley seedlings grown from X-rayed seed. In contrast, Gustafsson a nd Mac Key
(1948) reported many mutant effects in b arley seedlings grown from
fast-neutron-irradiated seed.
The effects noted in the maize seedlings grown from the thermaln eutron-irradi ated seed were comparable to those r eported b y R a ndolph (1950) fo r the maize seedlings grown from the seed exposed a t
the 1946 Bikini atomic bomb d etonation (Test Abl e). R a ndolph indicated that the effects noted, except for freque ncy, were similar to
those obtained following 15,000 r units of X r adi ation .
The differen ce in susceptibility b etwee n m a ize pollen and both
b arley and maize seed to equal dosages of thermal-neutron irradia tion ,
when compai-ed on the basis of susceptibility to X radia tion, constituted the most striking observation in th ese exp erim ents.
This difference, d e termin ed , for example, on the b asis of subsequent seedlin g h eight, m ay be framed from the experimental results
as follows: ( l ) In the pollen lots, 600 r units of X radiation were approxima tely equal to the I-minute thermal-neutron exposure in
seedling growth d epression ; (2) in the seed lots of both b arley and
maize, the effect of 7500 r units of X radiation was de termined b y
interpolation to b e approximately equal in effect to a I-minute thermal-neutron exposure. T h erefore, on the basis of X-ray comparisons,
an equal th ermal-neutron exposure was 12 times more effective on the
seeds tha n would b e expected on the basis of X -ray effects. However,
Frolik and Morris ( 1950b) reported tha t the effectiven ess of pollen
exposures in the nuclear r eactor a t the same power and for the same
durations va ri ed rather widely on different days of exposure. Using
four kernel ch ar acters as a m easure of comparison, they found tha t
on August 16, 1948, the irradiation d a te of the pollen used in
the present experiments, approximately 3 minutes of pile irradiation
of the pollen was n ecessary to equal the effect produced by 1200 r
units of X radiation of pollen, whereas on August 19, 1948, only
about 1 to 1 \lz minutes of exposure was n eeded to equal the same

20

NEBRASKA RESEARCH BULLETIN

167

X-ray effects. If it is assumed that the pollen irradiations represen t
a n effect of only half of the average exp ected from a given p eriod
of exposure, the effective ness of the thermal-neutron irradiation of
the seed would still b e six times that exp ected on the basis of the pollen
data. Admittedly, the effects of seed irradiations m ay also have b een
either lighter or h eavier tha n would b e obtained as a n average of a
series of tests.
In order to account for the apparently greater efficiency of the
thermal-neutron irradiation over X radiation on the seed s, the radiations to which the pile-irradiated pollen and seed lots were exposed
a nd the properties of these radiations a re considered . The possible
radiations from the pile proper were (1) gamma ray contamination,
(2) fast, intermediate, or slow n eutrons, and (3) therm al n eutrons.
The amount of gamma ra y contamination at the position where the
the m a terials were exposed is unknown. Since no sh ielding was employed, the ionization due to gamma r ay contamination could have
been considerable. However, since gamm a rays are presumed to give
results very similar to X-rays, the gamma rays prese nt co uld hardly
account for the much greater effici en cy of pile irradi ation on seed
tha n on pollen on the basis of X-ray comparisons. This is furth er
substantiated b y the following r eports. From their observations of
seed set on ears pollinated by pollen irradia ted with thermal n eutrons,
Frolik a nd Morris (1950a) r eported tha t for maize pollen 16 minutes
of exposure in the nuclear r eactor constituted a n ear lethal dose as
d etermined b y subsequent seed se t. Tascher (1945) reported that a
dosage of 1200 r units of X -ray constituted "near the maximum permitting of fe rtiliza tion in corn" and that 6000 r units constituted a killing dosage. A comparison of these r eports suggests that the gamma
ra y contamination prese nt in the 16 minutes of pile exposure could
only produce the lethal .effect that would be expected from 6000 r
units of X r adiation. The seed da ta, however, indi cate that on that
basis the effect due to gamma r ay contamination durin g eve n the 8minute seed exposure would have b een n egligible.
In regard to fast, intermediate, and slow n eu tron s, it is assumed
that the h eavy water moderator was sufficiently effective so that
n eutrons of only thermal en ergy were present a t the place of irradiation.
The differential effectiven ess of nuclear reactor exposures on
pollen and seed must ,then be due to the thermal n eutrons. The effect
of thermal-neutron irradiation is indirect and consists of n eutron
capture by a tomic nuclei, followed b y immediate em ission of ionizing
particles or photons, a nd in some cases b y subsequent radioactivity.
Since the capture probability of nuclei of different elements for thermal n eutrons varies grea tly, the chemical composition of the tissue
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exposed is of p aramount importance in de termining the d egree of
ionization produced.
The chemical compositions as de termined by spectrochemical or
chemical analyses of tissues comparable to those irradia ted are presented in Tables 6 and 7. Analyses were not performed for the elements h ydrogen , carbon, oxygen, and chlorine, but the probable percentages of these four elements were either obtained from published
sources or calculated from such sources.
TABLE 6.-Spectrochemical analysis of ash of m aize pollen, excised maize embryos,
and excised barley embryos.
Concentrati on
of elemen ts

Maize embryo

Maize poll en

Barley emb ryo

Strong

Ca . K, Mg, P, Si

K, P

p

Moderate

A.I , Fe, Na

Mg

K, Mg

Weak

As , Ba, Cu , H g, Li ,
Mn , Pb, Ti, Zn

As, Ca, Hg, Si , Zn

As, Ca, H g, Zn

Very wea k

.-\g, Be, Bi, Co, Cr,

Ag, Al, Ba, Be, Bi ,
Co, Cr, Cu , Fe, Li ,
Mn, Na , N i, Pb, Sb,
Sn , T i, Zr

Ag, Al, Ba, Be, Bi , Co,
Cr, Cu , Fe, Li , Mn, Na,
N i, Pb, Sb, Sn, Ti, Zr

Ni , Sh , Sn , Zr

Elements are important in thermal n eutron cap ture e ither b ecause
of their very hi gh concentration or their hi gh cap ture cross sections
or both. The an alyses and subsequent calculations showed that only
h ydrogen a nd nitrogen , prim arily b ecause of their high concentration,
a nd boron, prim aril y b ecau se of its hi gh capture cross section , contributed materi ally to the total ioniza tio n produced immedia tely following n eutron capture.
The capture and em issio n reactions of the three elem ents a re
as follows:
on 1
on1
on1

+ iH1
+ 5 B 10
+ ,Nu

[1

H2

]

[ 5 B 11 ]

+ [7 N 1 5 J - - -+

1

H2

3 Li 7

6 C 14

+ y (2.23
+ a (2.40
+ p (0 .6

Mev)
Mev)
Mev)

The alpha particles a nd proton s produce ionization by direct
action of th eir electric fields on electrons. On the other h a nd, most
of the ionization resulting from gamma rays is produced by the
electrons ejected following gamma ray absorption.
The contribution of the three elements to the radiation effect
varies both quantitatively a nd qualitatively, since the emissions are
of different types. It is ge nerally believed that damage to biological
materi al from radiation is largely due to production of ion pairs
and furth er depends, to a large extent (Aebersold and L awrence, 1942),

""
""

TABLE 7.-Components of total rep per minute of ionization absorbed in maize pollen , mai ze embryo, and barley embryo tissue
partitioned among the capture reactions of hydrogen, boron, and nitrogen. Thermal-neutron flux 7 x 10 1 0 neutrons per square
centimeter p er second . Calculations based on the method u sed by Conger and Giles (1950).

Element

H
B
N

H
B
N

H
B
N

I

Atomic
weight

1.008
10.82
14.008

1.008
10.82
14.008

1.008
10.82
14.008

I

Per cen t of
wet weight*

8.5
0.000,081,5
2.333

8.0
0.000,519
4.975

8.0
0.000,164
5.305

No. of atoms
per cc.
x10. 21

Capture radiation
emitted and energy

Capture

I

cross
section
Xl0 24 cm 2

I

Type

I

E nergy
( Mev)

Fraction of
energy

I

absorbed
in tissue

I

R ep/ m in .
absorbed
in tissu e

Per cent of

I

total
rep/ min .

0.0508
0.000,000,045
0.0010

Maize pollen **
0.32
y
715.0
a.
1.7
p

0.0478
0.000,000,289
0.002, 138

Maize embryo
0.32
y
715.0
a.
1.7
p

2.23
2.4 0
0.6

0.0016
4.39
1.0
39.90
1.0
175.46
T otal ...... .219.75

2.00
18. 16
79.84

0.0478
0 .000,000 ,09 J
0.002,28

Barley em br yo
0.32
y
715.0
a.
1.7
p

2.23
2.40
0.6

0.001 3
1.0
1.0
Tota l

1.76
6.18
92.06

t,1

~

2.23
2.40
0.6

0.0021
6. 13
1.0
6 .21
1.0
82.07
Total .... 94.41

6.49
6.58
86.93

;,,

>

1:;'
~

>

"'

n

• B and N analyses by Chemistry Divisio n , Argonne National Laboratory, Chicago, Ill inois.
K 11Ip ( 1923 ) for maize pollen and by Winto n and Winton ( 1932) for maize and barley kernels.

"* Composite sample collec1ed in t he greenhouse at Lin col n , Nebrask a, in 1950.

z
"'"'

3.75
12.56
187.12
203.25

H ca lculat ed from data presented by Anderson and
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on the density with which ion pairs are produced, which, in turn, is
a function of the magnitude of charge and the speed or range of
the ionizing particle. Data presented by Locher (1936) and Lea (1946)
indicate that production of ion pairs per micron length for alpha
particles, protons, and electrons of equal energy is greatest for alpha
particles, and smallest for electrons. Greatest biological damage per
reaction, both chromosomal and physiological, would therefore be
expected for the boron reaction. The density of the ionizations produced by the recoil nuclei would be even greater, but the path or
track would be extremely short.
The total amount of ionization (assuming for the purpose of calculation that all energy is given to the emission) produced in the
tissue as a result of thermal n eutron capture reactions may be conveniently partitioned among hydrogen, boron, and nitrogen by using the formulations used by Conger and Giles ( 1950). The calculation
of the roentgen-equivalent-physical (rep) of ionization energy per unit
volume of tissue per unit time, since 1 roentgen is equal to 5.22 x 1013
ev, is as follows:

rep / min. =

( Flux ) (No. of atoms) ( Capture cross) /
( per ,) (
per cc.
) ( section in )
( min. ) ( X 10 - 2 ' ) ("barns" X 10"') (
.(

Radiation
energy
emitted
in Mev

)
)
)
)

(Fraction of)
( energy )
( absorbed )
( in tissue )

5.22 X 1013 ev
where the number of atoms per cubic centimeter of the element under
consideration is given by the following calculation:

% of wet weight_X_0.602
---'---'---------.::__
_ _X
_ 10"
_ _ , density of I
100 X atomic weight
All of the energy of the emitted short range 2.4 Mev alpha and 0.6
Mev proton particles was expended in the tissues under consideration.
However, only a small fraction of the 2.23 Mev gamma r ays emitted
by the hydrogen nuclei was expended in this manner. This fraction
absorbed in the tissue under consideration dep ends on gamma ray
absorption coefficient (u) in the tissue, and the thickness (t) of the
traversed tissue. A further geometric correction (G) may be necessary
since the gamma rays can originate anywhere in the tissue. In the
maize and barley embryos no geom e tric correction was d eemed advisable, but in the maize pollen a geometric correction of 0.75 as suggested by Conger and Giles ( 1950) was employed. The fraction of the
emitted energy absorbed by the tissue is equal to 1-e-utG.
The pollen sample used for chemical analysis, Tables 6 and 7, may
not have been truly representative of that actually irradiated since it

24

NEBRASKA RESEARCH B ULLETIN

]67

was a greenhouse composite collected at Lincoln. However, the nitrogen content obtained was in fairly close agreement with that generally reported, and the boron content of the soil in which the plants
were growing was not known to be deficient.
Calculation of the rep per minute of ionization absorbed in the
tissue due to the capture reactions (assuming for the purpose of calculation that all of the energy of the n eutron was imparted to the
emitted particle or photon) showed that the nitrogen reaction accounted for approximately 80 to 92 per cent of the ionization, the
boron reaction for approximately 6 to 18 per cent, and the hydrogen
reaction for approximately 2 to 6 per cent. A slight increase in boron
concentration, however, raised its contribution to the total rep per
minute tremendously because of its high capture cross section. This
is evident in the maize embryo, Table 7. Conger (1950) has shown
that boron-enriched Tradescantia buds were four to five times as
sensitive to thermal neutrons as unenriched buds.
The radioactivity from unstable isotopes produced as a result of
thermal n eutron capture also contributed to ionization. The seed
samples were too radioactive immediately following irradiation to be
handled safely with bare hands. The degree of radioactivity dropped
off sharply within a period of 12 hours but was not checked subsequently. Probably one of the sources of this radioactivity was chlorine"". According to Seaborg and Perlman (1948) Cl'" has a half-life
of 37 or 38.5 minutes and gives off beta particles and gamma rays.
Also present, but probably not detected, was C 14 • It is a beta emitter
with a half-life of 4700 to 6400 years (Seaborg and Perlman, 1948).
Even though the seeds were h eld for a period of approximately ten
months from time of irradiation to planting, this source of radioactivity is considered unimportant in its contribution to total effect produced because of the low intensity and the type of ionization. Other
elements present in very small quantities (Table 7) also contributed
to the total radioactivity.
Any calculation of the biological efficiency of thermal neutrons
from the data of Table 7 is of little value since the inherent gamma
ray contamination is unknown. A comparison of the total rep / min.
of ionization in the maize and barley embryos gives no clue as to the
greater susceptibility of barley seed to thermal-neutron irradiation.
It merely confirms the fact that for equivalent radiation dosages,
barley seed is more susceptible than maize seed.
A comparison of the total rep/ min. of ionization for the maize
pollen, assuming that the chemical composition is representative, with
that of either maize or barley embryos is of considerable interest and
may account for the greater effectiveness of thermal neutrons on the
barley and maize seed than on the maize pollen on the basis of X-ray
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comparisons. The total r ep / m in . of ioniza tion for the p ollen is somewha t less tha n h alf of that calculated for maize embryo tissu e. This
p er se would not account for the greater effectiven ess of 6 to 12 times
reported above for equ ivalent thermal-n eu tron exposures o f maize
seed as compar ed w ith m a ize pollen. A possible expla n ation is tha t
the effect o n biological tissue with in creasing r ep/ min. of ioni zation
due to n eutro n capture is not a linear b ut r ather an exponential r elationship. Confirma tio n of this must await further experimentation
since the present experiment ca nnot p rovide an answer to th a t problem.
In th e calcula tions ab ove, all of th e emiss ion en ergy h as been
assumed to h ave b een imparted to th e p article or photon emitted . A
certain a m ount of this, h owever, is exp ended in th e r ecoil of the
emitting compound nucleus. T h e large biological efficien cy of n eutron irradiation is often ascribed to th e ver y d ense ionizatio ns p roduced b y these recoil nuclei. A further effect which m ay be o f great
importa n ce is the effect tha t tra n smutation of a n elem en t m ay h ave
upon the molecule of which it is a p art. Certainly in th e case of the
nitrogen of the ch romosom al nucleic acids su ch a n effect could be of
consider able im portan ce. T h e p ossibility of biological effects resulting directly from transmuta tion of nitrogen to carbon h as been su ggested b y Conger a nd G iles ( 1950) . Mor e recently, H ersh ey et al. ( 1951)
h ave presented d a ta from which they conclude tha t killing of bacteriophage b y assimilated P 3 2 is a direct r esult o f the nuclear reaction and
rarely a result o f th e b e ta r adi ation given off in th e decay of the phosphorous to sulfur. Furth er work will be n ecessary to establish wh eth er
or n o t tra nsmutation of, for example, n itrogen to carbo n or boro n
to lithium in high er pla nts m ay through its effect on disrupting the
molecule cause biological changes. Certainly su ch a n effect cannot b e
ruled out as a possibility a t this time. T h e corollary to th e occurren ce
of su ch a phen ome non is that therm al-n eutron and X or gamm a irradiation of various pla nts a nd parts of p la nts may resu lt in qu alita tive
as well as qu a ntita tive di ffere nces oth er th a n th ose well recognized
as b eing due to differen ces in specific ionization .
The results of this exp eriment add mor e evide n ce to th e b elief
tha t certain biological m a terials are m ore susceptible to irradia tion
tha n oth ers, regardless o f the type of radiatio n. T his is shown b y a
com parison o f th e X -ray a nd thermal-n eutron effects observed on
maize and barley seeds. In the case of the m aize p ollen and m a ize
seed comparison, h owever , the su ggestion by Loch er (1936) tha t biological da mage can be regula ted a t will b y nu trient-enri ching p rocesses with certain elem ents is underscor ed.

26

NE BRASKA RESE ARCH B ULLETI N

167

SUMMAR Y
Studies were conducted to d etermine the comparative effects of
thermal-neutron and X radiation of barley and maize seed and of
maize pollen (placed on untreated female flowers) on subsequent
seedling development.
Thermal-neutron irradiations of barley seed were made for periods of 2, 4, 8, 10, 20, 30, 40, and 50 minutes, respectively. The flux
was 7 x 10' 0 neutrons/ square centimeter/ second. Even the h eavies t
treatment failed to kill the seed outright. However, there was no
emergence of plants where treatment exceeded 8 minutes of exposure. For the 8-minute pile-irradiated lot the emergence was 4 per
cent compared with 74 p er cent for control. P ercentage emergence
for the 2- and 4-minute irradiated lots did not differ significantly
from control. Delayed d eath resulted in a loss of 2 of the 36 plants
for the 2-minute n eutron treatment, 13 of the 34 plants for the 4minute lot, and only two plants for the 8-minute lot.
The morphological effects of thermal-neutron irradiation of barley
seed for the 2- and 4-minute p eriods on subsequent seedling developm ent were as follows: (1) Seedling height was significantly lower than
for control. (2) The first two leaves were ver y much mottled. (3) The
next few leaves were n arrower than those of the control plants. (4)
The exposed leaf number was significantly higher than for control.
All of the surviving barley seedlings were transplanted to the
field. Only two of the plants showed an y visible effects of pile irradiation up to the time of flowering. Percentage kernel production on
plants from n eutron-irradiated seed was very low in the main spikes
and somewhat higher but still far below normal in tiller spikes. Seed
set in both the m ain and tiller spikes of the untreated checks was
close to normal.
In preliminary tests, partial sta nds were secured from barley seed
X-rayed with dosages ranging up to 25,000 roentgens. In the main
test comparisons, X-raying of seed with a dosage of 7500 roentgens
resulted only in the following visible effects on seedlings: (1) a slight
mottling of the first two leaves, and (2) plant height slightly below
that of control.
In the maize studies, seeds of F 1 single-cross yellow dent hybrids
L289 x 1205, N6 x MI4, and Ml4 x N6 were given the following treatments: none, 2, 4, and 8 minutes of thermal n eutrons with a flux of
7 x 10' 0 neutrons/ square centimeter/ second; and 7500 roentgens of
X-ray, r esp ectively. Comparisons were made with seed produced by
pollinating untreated L289 with I205 pollen irradiated with 1, 2, 4,
and 8 minutes of the same thermal-neutron flux as above, with 1200
roentgens of X-ray, and with no treatment, respectively.
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Mean h eight of maize seedlings was lower for irradiated seed than
for control. In general, the longer the exposure had been to thermal
neutrons, the more severe the effect on the seedlings. There was a
striking similarity in mean height of progeny of the seed-irradiated
series and of the pollen-irradiated series with the same neutron exposure. However, the standard error was much lower for the former
than for the latter. In the L289 x 1205 series, mean seedling height
was slightly lower for the 1200-roentgen X-rayed pollen series than
for 7500-roentgen X-rayed seed series. It appeared that on the basis
of this character, 1200 roentgens of X-ray were equal in effect to
1 to 2 minutes of neutrons in pollen irradiation, and that 7500 roentgens of X-ray were equal in effect to 1 minute of neutrons in seed
irradiation.
Percentage maximum stand was unaffected by any of the maize
seed irradiations, but beginning with the 2-rninute exposure there
was an inverse relationship between length of pollen exposure to
thermal neutrons and maximum stand. The only clear-cut case of
delayed d eath occurred in the 8-minute neutron-exposed L289 x 1205
seed series where the stand dropped from a maximum of 98.3 per
cent to 63. 3 per cent on the 28th day.
·
Mean exposed leaf number increased with increase in length of
maize seed exposure to thermal neutrons, beginning with the 4-minute exposure. A slightly lower leaf number was found in the neutronirradiated pollen series than in control. Other seedling effects of
neutron irradiation of maize seeds were as follows: (1) The first two
leaves were heavil y mottled and somewhat shorter and narrower than
those of control. (2) In going from the third to the fifth leaves the
mottling becam e confined to streaks in the upper portions of the
leaves. These leaves were much narrower than those of control. (3)
Striping, beginning with the fifth leaf, occurred in some of the
plants. (4) In most plants where narrowing of the leaves was present,
leaves beginning with the sixth one were normal. (5) Many of the
abnormalities occurred as mirror images of each other in adjoining
leaves.
The only visible effects of the X radiation of maize seed consisted
of slight mottling and narrowing of leaves and depression of growth.
The striping noted in maize seedlings persisted until maturity in
a few plants. In the plants of the neutron-irradiated-seed series, partial pollen sterility occurred in entire tassels or in sectors of tassels.
Percentage of plants with sterility in the ears and percentage of sterility for affected ears increased with increase in length of exposure
to thermal neutrons.
Total ionization produced immediately following neutron capture
in the pil e irradiations was attributed principally to nitrogen with
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the emission of protons, to boron with the emission of alpha particles,
and to h ydrogen with the emission of gamma rays. The rep per minute absorbed in embryos was approximately twice that in the pollen.
This was due principally to the higher nitrogen content and to a
lesser ex tent to the higher boron content in the former than in the
latter. The radioactivity from unstable isotopes produced as a result
of thermal n eutron capture also contributed to ionization.
On the basis of X-ray comparison, the thermal n eutrons were at
least six times as effective when used on seed as when used on pollen.
The difference is reduced but still present when allowance is made
for the difference in ionization in the two plant parts. It is suggested
that the biological effect may be du e in part to the disruption in molecu les caused by the transmutation of nitrogen to carbon and/ or of
boron to lithium as well as to the extremely dense ionization resulting
from the reco iling nuclei.
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